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dryingAbstract Drying characteristics and energy aspects as well as mathematical modeling of thin layer
drying kinetics of chamomile in a microwave-convective dryer are reported in this article. Drying
experiments were carried out at 8 microwave power levels (200–900 W), air temperature of 50 C,
and air velocity of 0.5 m/s. Increasing the microwave output power from 200 to 900 W, decreased
the drying time from 40 to 10 min. The drying process took place in the falling rate period. The
Midilli et al. model showed the best ﬁt to the experimental drying data. Moisture diffusivity values
increase with decreasing moisture content down to 1.70 (kg water kg1 dry matter) but decrease
with a further decrease in moisture content from 1.72 to 0.96 (kg water kg1 dry matter). The
average values of Deff increased with microwave power from 5.46 to 39.63 · 108 (m2 s1). Energy
consumption increased and energy efﬁciency decreased with moisture content of chamomile
samples. Average speciﬁc energy consumption, energy efﬁciency and energy loss varied in the range
18.93–28.15 MJ kg1 water, 8.25–13.07% and 16.79–26.01 MJ kg1 water, respectively, while the
best energy results were obtained at 400 W, 50 C and 0.5 m s1.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Drying of agricultural and food materials requires
considerable amounts of energy. The high cost of energyprovides a strong incentive to invent processes that will
use energy efﬁciently. In most industrialized countries, the
energy used in drying accounts for 7–15% of the nation’s
industrial energy consumption, often with relatively low
thermal efﬁciencies ranging from 25% to 50% (Akpinar
et al., 2005).
Convective air-drying is the most common method for
drying of agricultural materials. Because of the low thermal
conductivity of food materials in the falling rate drying period,
heat transfer to the inner sections of foods during conventional
heating is limited. Also, conventional drying results in low
overall efﬁciency, approximately 30%. In such dryers, around
Nomenclature
Ar cross sectional area (m2)
ai coefﬁcients of Eq. (1)
a, b, c, d, k constants
Ca speciﬁc heat of air (J kg
1 C1)
Deff effective diffusivity (m
2 s1)
Ec energy consumption (J)
ECS speciﬁc energy consumption (J kg
1 water)
ER evaporation rate (g water min1)
L half thickness of layer (m)
MR moisture ratio (dimensionless)
MRexp experimental moisture ratio
MRpre predicted moisture ratio
mt mass of sample at time t (g)
mt+dt mass of sample at time t + dt (g),
mw mass of evaporated water (kg)
n constant, positive integer
P microwave power (W)
Pv saturation vapor pressure (mbar)
P0 standard atmosphere pressure (mbar)
Qf air ﬂow rate (kg s
1)
R2 coefﬁcient of determination
RH relative humidity
RMSE root mean square error
T temperature (C)
t time (s)
u air velocity (m s1)
W moisture loss of sample (kg)
X sample moisture content (kg water kg1 dry
matter)
X0 initial moisture content (kg water kg
1 dry
matter)
Xe equilibrium moisture content (kg water kg
1
dry matter)
Z number of coefﬁcients and constants
DT temperature difference of inlet and outlet air
(C)
Subscripts
out outlet
in inlet
t at any time
Greek symbols
kw latent heat of free water (J kg
1)
kwp latent heat of product (J kg
1)
gen energy efﬁciency (%)
v2 reduced chi-square
qa density of air (kg m
3)
Figure 1 Image of the experimental apparatus.
180 A. Motevali et al.35–45% of energy input is wasted as hot air exhaust
(Tippayawong et al., 2008). The desire to alleviate these prob-
lems, to prevent signiﬁcant quality deterioration, as well as to
achieve fast and effective thermal processing has resulted in the
increasing use of microwaves for food drying of agriculture
products.
Comparison of the convectional convective method with
combined microwave-convective, showed that combined sys-
tems can shorten the drying period of biological materials sig-
niﬁcantly, without causing a decline in the quality of the dried
product (Alibas et al., 2007). In the microwave-convective dry-
ing method, forced air is supplied to carry away the water
vapor, driven from the interior of the food to its surface by
the microwave action. To prevent condensation of the driven
moisture on the surface of the food, it is necessary to heat
the air to increase its moisture carrying capacity (Sharma
and Prasad, 2004).
The most important aspect of drying technology is the
mathematical modeling of the drying process and equipment.
Its purpose is to allow design engineers to choose the most
suitable operating conditions and then size the drying equip-
ment and drying chamber accordingly to meet the desired
operating conditions (Darvishi et al., 2013).
The objectives of this study were to: (1) describe the inﬂu-
ence of microwave-convective drying conditions on drying
kinetics of chamomile; (2) select optimal thin-layer drying
models for drying process; (3) evaluate the drying energy
aspects (speciﬁc energy consumption, energy efﬁciency, energy
loss), and (4) to compute the effective moisture diffusivity for
chamomile.2. Materials and methods
2.1. Material
Chamomile leaves were obtained from a farm in the vicinity of
Tehran, Iran. All the samples were refrigerated at 4 ± 0.5 C
before being dried. The average initial moisture content of
Chamomile leaves was determined to be 83 ± 0.5%, wet basis,
using the gravimetric method. During the drying experiments,
mean range of ambient temperature was 30 ± 2 C and mean
relative humidity was 28 ± 3%.
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Figure 2 Effect of microwave power on moisture ratio for
chamomile at 50 C, 0.5 m s1.
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Table 2 Standard models reported in the literature used to
describe drying of agricultural products.
Model Mathematical Function
Lewis MR= exp (kt)
Page MR= exp (ktn)
Modiﬁed Page MR= exp ((kt)n)
Henderson and Pabis MR= a exp (kt)
Approximation of diﬀusion MR= a exp (kt)
+ (1  a) exp (kbt)
Wang and Singh MR= at2 + bt+ c
Logarithmic MR= a exp (kt) + c
Simpliﬁed Fick’s diﬀusion MR= a exp (c(t/L2))
Modiﬁed Page equation-II MR= exp (c(t/L2)n)
Two-term model MR= a exp (k0t) + b exp (k1t)
Midilli et al. MR= a exp (ktn) + bt
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The combined microwave-convective dryer used for this exper-
iment (Fig. 1) consisted of a cylindrical Pyrex column (inner
diameter 90 mm; wall thickness 5 mm; height 380 mm)
equipped with a slotted plate as an air distributor, a domestic
microwave oven (ME 3410 W, Samsung, Thailand) with a
nominal power output of 1000 W, 12 kW hot-air heaters con-
trolled by a PID controller (accuracy of ±1 C), and a back-
ward-curve centrifugal fan driven by a 1.5 kW motor that
was connected to a frequency inverter to precisely adjust the
ﬂow rate. Control circuits of the microwave oven were modi-
ﬁed to allow the power to be controlled using an external phase
controller, which could automatically and continuously adjust
the microwave power output from 0 to 1000 W. By making a
circular opening in the bottom plate of the microwave oven
and sealing it, the trans plate glass column was placed in the
microwave oven. Air velocity was measured using a hot-wire
anemometer (accuracy of ±1 m s1).
Sample moisture content during the drying process can be
calculated using the temperature and relative humidity of the
inlet and outlet drying air, which directly measured using tem-
perature (K-type) and humidity (HIH-4000) sensors. Details of
this method can be found elsewhere (Wang et al., 2009) based
on which the vapor saturated pressure in the air phase is
deﬁned as:
Pv ¼
X5
i¼0
exp ai
T
100
 i !
ð1Þ
The coefﬁcients (ai) are listed in Table 1. The inlet and outlet
air water contents are deﬁned as:
Mout ¼ 0:622RHout
100
Pv; out
P0 RHinPv; out ð2Þ
Min ¼ 0:622RHin
100
Pv; in
P0 RHinPv;in ð3Þ
Total water loss from the sample can be found by integration
over the drying time as follows:
mt ¼
Z t
t¼0
ðMout MinÞ Qfdt ð4Þ
Hence, the average moisture content of the sample can be cal-
culated as:
Xt ¼ m0X0 mt
m0 mt ð5Þ
The drying experiment was conducted at microwave power
levels of 200, 300, 400, 500, 600, 700, 800 and 900 W. Each
power level was combined with constant drying parameters
as follows: air temperature of 50 C, air velocity of at
0.5 m s1 and sample depth of 3 cm. The experiment was rep-
licated under each set of conditions, so as to conﬁrm the repro-
ducibility of the experiments.Table 1 Coefﬁcients in Eq. (1).
a0 a1 a2 a3 a4 a5
6.415 7.265 2.990 1.106 0.318 4.764 · 1022.3. Calculation of moisture diffusivity
In most drying studies, diffusion is generally accepted to be the
main mechanism responsible for transport of moisture to the
material surface to be evaporated. Solution of Fick’s equation,
with the assumption of moisture migration being by diffusion0.00
0 5 10 15 20 25 30 35 40 45
Drying Time (min)
Figure 3 Evaporation rates of chamomile versus drying time as
affected by microwave power.
Table 3 Statistical results obtained from various thin-layer drying models.
P (W) Model Constance R2 X2 RMSE
100 Lewis k= 0.02127 0.9843 0.00111 0.0347
Page k= 0.02727; n= 0.9331 0.9858 0.00109 0.0336
Modiﬁed Page k= 0.02107; n= 0.933 0.9858 0.00109 0.0336
Henderson and Pabis a= 0.9564; k= 0.01988 0.9917 6.28 · 104 0.02579
Approximation of diﬀusion a= 0.04149; k= 0.4824 0.9904 7.39 · 104 0.02774
Wang and Singh a= 0.01834; b= 0.0001007 0.9807 0.00148 0.03925
Logarithmic a= 1.133; c= 0.1918; k= 0.01441 0.9949 3.91 · 104 0.02053
Simpliﬁed Fick’s diﬀusion L= 11.61; a= 0.9563; c= 2.679 0.9917 6.28 · 104 0.02628
Modiﬁed Page equation-II L= 9.331; c= 1.761; n= 0.9331 0.9858 0.00109 0.03424
Two-term model a= 0.9495; b= 0.05059; k0 = 0.01967; k1 = 4.108 0.9927 5.06 · 104 0.0251
Midilli et al. a= 0.9594; b= 0.002186; k= 0.02525; n= 0.8493 0.9951 3.75 · 104 0.02056
200 Lewis K= 0.07615 0.9733 0.00219 0.04661
Page k= 0.1059; n= 0.8665 0.9812 0.00152 0.04014
Modiﬁed Page k= 0.0749; n= 0.8665 0.9812 0.00152 0.04014
Henderson and Pabis a= 0.9819; K= 0.07416 0.9739 0.00211 0.0473
Approximation of diﬀusion a= 0.3335; k= 0.162 0.9853 0.00119 0.03548
Wang and Singh a= 0.06219; b= 0.001087 0.9668 0.00269 0.05336
Logarithmic a= 0.8992; c= 0.1383; k= 0.112 0.9972 2.28 · 104 0.016
Simpliﬁed Fick’s diﬀusion L= 5.703; a= 0.9819; c= 2.412 0.9739 0.0021 0.04867
Modiﬁed Page equation-II L= 9.158; c= 4.916; n= 0.8665 0.9812 0.00152 0.0413
Two-term model a= 0.9643; b= 0.0674; k0 = 0.1011; k1 = 0.0197 0.9977 5.06 · 104 0.01488
Midilli et al. a= 1.015; b= 0.004026; k= 0.08247; n= 1.061 0.9982 1.42 · 104 0.01302
300 Lewis K= 0.1329 0.959 0.00320 0.0566
Page k= 0.1898; n= 0.8187 0.9734 0.00207 0.04709
Modiﬁed Page k= 0.1314; n= 0.8188 0.9734 0.00207 0.04709
Henderson and Pabis a= 0.9717; K= 0.1278 0.9603 0.00310 0.05753
Approximation of diﬀusion a= 0.3253; k= 0.2918 0.9765 0.00183 0.04427
Wang and Singh a= 0.108; b= 0.003205 0.9614 0.00301 0.05675
Logarithmic a= 0.9058; c= 0.1317; k= 0.1959 0.9954 3.62 · 104 0.02035
Simpliﬁed Fick’s diﬀusion L= 3.439; a= 0.9717; c= 1.511 0.9603 0.0031 0.05955
Modiﬁed Page equation-II L= 4.47; c= 2.204; n= 0.8188 0.9734 0.00207 0.04875
Two-term model a= 0.9924; b= 0.03651; k0 = 0.1686; k1 = 0.0586 0.9972 2.21 · 104 0.01643
Midilli et al. a= 1.006; b= 0.006809; k= 0.1342; n= 1.123 0.9989 8.22 · 105 0.01006
400 Lewis k= 0.2121 0.9424 0.00447 0.06694
Page k= 0.2708; n= 0.8222 0.9533 0.00361 0.06193
Modiﬁed Page k= 0.2042; n= 0.8223 0.9533 0.00361 0.06193
Henderson and Pabis a= 0.9962; K= 0.2109 0.9425 0.00447 0.06876
Approximation of diﬀusion a= 0.346; k= 0.4264 0.9585 0.00322 0.05838
Wang and Singh a= 0.1566; b= 0.006324 0.9126 0.00678 0.08473
Logarithmic a= 0.9186; c= 0.1412; k= 0.3198 0.992 6.21 · 10–4 0.02634
Simpliﬁed Fick’s diﬀusion L= 3.3; a= 0.9964; c= 2.298 0.9425 0.00447 0.07076
Modiﬁed Page equation-II L= 2.72; c= 1.403; n= 0.8214 0.9533 0.00365 0.06373
Two-term model a= 0.9864; b= 0.0653; k0 = 0.2833; k1 = 0.0496 0.9938 4.82 · 10–4 0.02395
Midilli et al. a= 1.019; b= 0.009844; k= 0.2206; n= 1.128 0.9962 2.92 · 10–4 0.0187
500 Lewis k= 0.2895 0.9278 0.00556 0.0746
Page k= 0.3747; n= 0.7653 0.9459 0.00416 0.06668
Modiﬁed Page k= 0.2773; n= 0.7652 0.9459 0.00416 0.06668
Henderson and Pabis a= 0.985; K= 0.2834 0.9281 0.00553 0.07688
Approximation of diﬀusion a= 0.3361; k= 0.6011 0.9472 0.00407 0.06589
Wang and Singh a= 0.1959; b= 0.00959 0.8553 0.0111 0.1091
Logarithmic a= 0.9069; c= 0.1436; k= 0.4407 0.9925 5.71 · 10–4 0.02571
Simpliﬁed Fick’s diﬀusion L= 3.051; a= 0.9849; c= 2.638 0.9281 0.00554 0.07957
Modiﬁed Page equation-II L= 2.7; c= 1.714; n= 0.7653 0.9459 0.00416 0.06902
Two-term model a= 0.9572; b= 0.08701; k0 = 0.4004; k1 = 0.0405 0.9938 4.75 · 10–4 0.02426
Midilli et al. a= 1.02; b= 0.01174; k= 0.3259; n= 1.077 0.9944 4.34 · 10–4 0.02312
(continued on next page)
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Table 3 (continued )
P (W) Model Constance R2 X2 RMSE
600 Lewis k= 0.3073 0.9369 0.00518 0.07201
Page k= 0.369; n= 0.8178 0.9461 0.00413 0.06908
Modiﬁed Page k= 0.2954; n= 0.8175 0.9461 0.00413 0.06908
Henderson and Pabis a= 1.002; K= 0.3084 0.9369 0.00453 0.07473
Approximation of diﬀusion a= 0.3587; k= 0.5934 0.9512 0.004 0.06569
Wang and Singh a= 0.2187; b= 0.01206 0.896 0.0085 0.09592
Logarithmic a= 0.9175; c= 0.1383; k= 0.4564 0.9888 9.14 · 104 0.03274
Simpliﬁed Fick’s diﬀusion L= 5.174; a= 1.003; c= 8.256 0.9369 0.00517 0.07778
Modiﬁed Page equation-II L= 2.031; c= 1.176; n= 0.8175 0.9461 0.00442 0.0719
Two-term model a= 0.05796; b= 0.9902; k0 = 0.0765; k1 = 0.4003 0.9914 7.05 · 104 0.02998
Midilli et al. a= 1.014; b= 0.0135; k= 0.3162; n= 1.168 0.9955 3.67 · 104 0.02162
700 Lewis K= 0.3316 0.9488 0.0041 0.0634
Page k= 0.3875, n= 0.8479 0.956 0.00345 0.06101
Modiﬁed Page k= 0.3268, n= 0.8478 0.956 0.00345 0.06101
Henderson and Pabis a= 0.9981, K= 0.3307 0.9488 0.00401 0.06579
Approximation of diﬀusion a= 0.3677, k= 0.633 0.9614 0.00303 0.05716
Wang and Singh a= 0.2429, b= 0.0152 0.9235 0.00601 0.08045
Logarithmic a= 0.916, c= 0.1345, k= 0.4884 0.9905 7.45 · 104 0.02949
Simpliﬁed Fick’s diﬀusion L= 3.391, a= 0.9982, c= 3.804 0.9488 0.00401 0.06847
Modiﬁed Page equation-II L= 2.333, c= 1.629, n= 0.8477 0.956 0.00345 0.0635
Two-term model a= 0.05156, b= 0.9905, k0 = 0.0967, k1 = 0.4255 0.993 5.45 · 104 0.02636
Midilli et al. a= 1.014, b= 0.01523, k= 0.3546, n= 1.14 0.9963 2.09 · 104 0.01923
800 Lewis K= 0.3095 0.96 0.00313 0.05805
Page k= 0.3338, n= 0.9317 0.9615 0.00302 0.05911
Modiﬁed Page k= 0.308, n= 0.9317 0.9615 0.00302 0.05911
Henderson and Pabis a= 1.019, K= 0.3169 0.9606 0.00310 0.05982
Approximation of diﬀusion a= 0.4087, k= 0.5324 0.9671 0.00258 0.05466
Wang and Singh a= 0.241, b= 0.01567 0.9546 0.00357 0.06423
Logarithmic a= 0.944, c= 0.1216, k= 0.4461 0.9859 0.00110 0.03723
Simpliﬁed Fick’s diﬀusion L= 4.668, a= 1.019, c= 6.905 0.9606 0.00310 0.06226
Modiﬁed Page equation-II L= 4.377, c= 5.228, n= 0.9318 0.9615 0.00302 0.06153
Two-term model a= 0.4898, b= 0.5291, k0 = 0.3163, k1 = 0.3176 0.9606 0.00310 0.06503
Midilli et al. a= 1.018, b= 0.01684, k= 0.309, n= 1.235 0.9956 3.45 · 10–4 0.02172
900 Lewis K= 0.3259 0.945 0.00483 0.06952
Page k= 0.3233, n= 1.007 0.9451 0.00483 0.07213
Modiﬁed Page k= 0.326, n= 1.007 0.9451 0.00483 0.07213
Henderson and Pabis a= 1.041, K= 0.3418 0.9475 0.00460 0.07049
Approximation of diﬀusion a= 0.4656, k= 0.4948 0.9486 0.00451 0.06975
Wang and Singh a= 0.258, b= 0.01814 0.9476 0.00460 0.07043
Logarithmic a= 0.9692, c= 0.1115, k= 0.4615 0.9665 0.00294 0.05863
Simpliﬁed Fick’s diﬀusion L= 5.817, a= 1.041, c= 11.57 0.9475 0.00461 0.07337
Modiﬁed Page equation-II L= 1.771, c= 1.023, n= 1.007 0.9451 0.00483 0.07508
Two-term model a= 6.725; b= 5.683; k0 = 0.3335, k1 = 0.332 0.9475 0.00460 0.07666
Midilli et al. a= 1.021; b= 0.01952; k= 0.2992; n= 1.348 0.9831 0.00148 0.04348
Energy analyses and drying kinetics of chamomile leaves 183and negligible shrinkage for a thin layer of sample is given (Lee
and Kim, 2009):
MR ¼ X Xe
X0  Xe ¼
8
p2
X1
n¼1
1
ð2n 1Þ2 exp 
ð2n 1Þ2p2
4L2
Defft
 !
ð6Þ
The value of Me is relatively small compared with Mt or M0,
especially for microwave drying (Minaei et al., 2012). For long
drying periods, Eq. (6) can be further simpliﬁed to include only
the ﬁrst term of the series. Thus, Eq. (6) is written in a logarith-
mic form as follows (Darvishi et al., 2013; Sharma and Prasad,
2004):Deff ¼ 0:101lnðMRÞ  0:0213
t
L2
  ð7Þ2.4. Mathematical treatment
The experimental drying data for chamomile samples were ﬁt-
ted with 11 thin layer drying models given in Table 2. The coef-
ﬁcient of determination (R2), root mean square error (RMSE)
and reduced chi-square (v2) obtained for these equations were
utilized to compare the relative goodness of ﬁt to the experi-
mental data. These statistical values are calculated as follows:
0.85
1.00
tio
200W 300W 400W
500W 600W 700W
800W 900W
184 A. Motevali et al.RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPN
i¼1ðMRexp;i MRpre;iÞ2
N
s
ð8Þ
v2 ¼
PN
i¼1ðMRpre;i MRexp;iÞ2
N z ð9Þ
Goodness of ﬁt is judged based on higher R2 values and lower
X2 and RMSE values (Sacilik et al., 2006).
Water evaporation rate was calculated using Eq. (10):
ER ¼ mt þ dtmt
dt
ð10Þ0
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Figure 5 Variation of diffusion coefﬁcient with microwave
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Figure 4 Comparison of experimental and predicted moisture
ratio using the Midilli et al. model.2.5. Energy aspects
In the microwave-convective dryer, consumed energy is the
sum of energy used by the microwave source, the heat energy
imparted to the drying air by the electric heater and the venti-
lator fan used for moving the air. Energy consumption by the
microwave-convective dryer is calculated using Eq. (11)
(Motevali et al., 2011).
Ec ¼ PþAuqaCaDTþ
u3
16; 600
 
 t ð11Þ
The energy consumed for drying a kilogram of sample is calcu-
lated using Eq. (12) (Motevali et al., 2011).
Ecs ¼
PþAuqaCaDTþ u316;600
mw
 !
 t ð12Þ
Energy efﬁciency was calculated as the ratio of heat energy
utilized for evaporating water from the sample to the heat
supplied by the dryer (Soysal et al., 2006).
gen ¼
mwtkwp
PþAuqaCaDTþ u316;600
 
 t
ð13Þ
Latent heat and speciﬁc heat capacity of the material were cal-
culated using the following equation (Abdelmotaleb et al.,
2009):
kwp
kw
¼ 1þ 23expð0:4XÞ ð14Þ
power and moisture content.
Figure 6 The relationship between diffusivity and moisture
content as proposed by Luikov (1968).3. Results and discussion
3.1. Drying kinetics
Fig. 2 shows a set of drying curves, expressed in terms of
dimensionless moisture ratio, for the microwave power levels
ranging from 200 W to 900 W. The drying process is character-
ized by a progressive decrease in moisture content with time.
This continuous decrease in moisture ratio indicates that diffu-
sion has governed the internal mass transfer. Also, it is seen
that drying time decreases with increasing microwave power.
The total drying times required to reach the ﬁnal moisture con-
tent were 40, 24, 19, 16, 14, 12, 11 and 10 min at 200, 300, 400,
500, 600, 700, 800 and 900 W, respectively.
Absorption of microwave energy by the material depends
on its moisture content. Evaporation rates were higher at the
beginning of the drying process and gradually decreased as
the drying process progressed (Fig. 3). This is because initially,more radiation energy is absorbed by the water on the product
surface, resulting in faster drying, and with the product surface
drying out subsequently, heat penetration into the dried layer
decreases thus slowing the evaporation rate. All other condi-
tions being the same, evaporation rates increased with micro-
wave power, thus reducing drying time. Similar results were
Energy analyses and drying kinetics of chamomile leaves 185reported by Darvishi et al. (2013), Wang et al. (2007), Figiel
(2009) and Sarimeseli (2011). It is apparent that evaporation
rate decreases continuously with drying time. There is no con-
stant-rate drying period in these curves and the entire drying
process is seen to occur in the falling rate period.
Results for the computation of statistical indices are sum-
marized in Table 3. Based on this Table, the highest R2 values
and the lowest RMSE andX2 values were obtained for theMid-
illi et al. model. The R2, RMSE, and X2 values of Midilli et al.
model vary between 0.9831 and 0.9989, 0.01006 and 0.04348,
and 0.000082 and 0.00148, respectively. Thus, the Midilliliquid phase
 diffusivity
Total
 diffusivity
Figure 7 Variation of moisture diffusivity with moisture content
(De Vries, 1958).
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Figure 8 Variation of energy consumption with moisture
content of chamomile under microwave-convective drying.
Table 4 Average moisture diffusivity of chamomile at various
microwave power, 50 C and 0.5 m s1 air.
P (W) Deﬀ · 108 (m2 s1)
200 5.46 (±1.87)
300 9.91 (±2.84)
400 16.08 (±4.76)
500 20.38 (±7.35)
600 31.48 (±11.26)
700 35.79 (±10.08)
800 36.62 (±8.24)
900 39.63 (±7.95)et al. model was selected as the suitable model to represent
the thin-layer drying behavior of chamomile. Validation of
the Midilli et al. model at air temperature of 50 C and air
velocity of 0.5 m s1 is shown in Fig. 4 for various different
microwave power levels. The predicted data generally banded
around the straight line which shows the suitability of the
model in describing the infrared drying behavior of chamomile.
3.2. Moisture diffusivity
The moisture content had a signiﬁcant effect on moisture dif-
fusivity of chamomile. Variations of moisture diffusivity with
moisture content are given in Fig. 5. It can be seen that all
curves exhibit two stages. Moisture diffusivity increases with
moisture content up to around 1.5–1.70 (kg water kg1 dry
matter) after which it decreases from 1.72 to 0.96 (kg water
kg1 dry matter) with a further increase in moisture content.
This moisture diffusivity behavior can be explained by the
manner in which moisture is bound to the solid matrix
(Caglar et al., 2009; Pickles, 2003; Luikov, 1968). For most
cases, the total effective diffusivity (Deff), is the sum of the
vapor phase diffusivity and the liquid phase diffusivity. As
shown in Fig. 6, four regimes were postulated and given in0
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Figure 9 Variation of speciﬁc energy consumption with moisture
content of chamomile under microwave-convective drying.
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Figure 10 Variation of energy efﬁciency with moisture content
of microwave-convective dried chamomile.
Table 5 Average values of energy indices for chamomile drying using various microwave power levels, 50 C and 0.5 m s1 air.
P (W) Ec (MJ) ECS (MJ kg
1 water) gen (%) Eloss (MJ kg
1 water)
200 235.00 (±20.27) 28.15 (±2.43) 8.25 (±0.70) 26.01 (±2.43)
300 218.00 (±15.48) 22.41(±1.59) 10.51(±0.72) 20.29 (±1.59)
400 180.90 (±10.87) 18.93 (±1.14) 13.07 (±0.72) 16.79 (±1.14)
500 186.26 (±13.90) 21.22 (±1.58) 12.07 (±0.80) 19.10 (±1.58)
600 190.31(±11.25) 21.36 (±1.26) 11.44 (±0.63) 19.25 (±1.26)
700 191.99 (±10.55) 21.48 (±1.18) 10.90 (±0.58) 19.38 (±1.18)
800 211.73 (±14.05) 20.48 (±1.36) 10.85 (±0.74) 18.36 (±1.36)
900 219.85 (±12.19) 22.63 (±1.25) 9.82 (±0.55) 20.52 (±1.25)
186 A. Motevali et al.detail by Luikov (1968) and Pickles (2003). Some materials do
exhibit the behavior shown in Fig. 6 and all four regions are
observed while for other materials only Regions I, II, and III
are found. Furthermore, the concentration at which the pla-
teau in the diffusion coefﬁcient occurs can vary widely,
depending on the material. However, for most materials, the
vapor phase diffusion coefﬁcient exhibits a maximum at low
moisture contents. Also, the liquid phase diffusion coefﬁcient
increases with moisture content and eventually, at high mois-
ture contents, becomes the dominant mechanism of diffusion.
Thus, the total effective diffusion coefﬁcient (Deff) would be
expected to vary as shown in Fig. 7 (De Vries, 1958). When
total diffusivity values are determined with liquid phase diffu-
sivity in case of high moisture content values, it is determined
with vapor phase diffusivity at low moisture content. Total dif-
fusivity decreases with increasing moisture content, because
the decrease in vapor phase diffusivity is greater than the
increase in liquid phase diffusivity in Region II given in Figs. 6
and 7 (Caglar et al., 2009; Pickles, 2003). However, the mois-
ture diffusivity further was higher at any level of moisture con-
tent at higher microwave power level, resulting into shorter
drying time. This may indicate that as moisture content
decreases, permeability of the material to vapor increases pro-
vided the pore structure remains open. Temperature of the
material rises rapidly in the initial stages of drying, due to
more absorption of microwave heat, as the product has a high
loss factor at higher moisture content. This increases the water
vapor pressure inside the pores and results in pressure-induced
opening of pores. The average effective moisture diffusivity
was calculated by taking the arithmetic mean of the effective
moisture diffusivities that were estimated at various levels of
moisture content during the course of drying, as shown in
Table 4. The Deff values of chamomile samples were within
the general range of 107 to 1011 m2 s1 reported for
biological materials (Wang et al., 2007). Values of Deff are
comparable with the reported values of 1.0465 · 108 to
9.1537 · 108 m2 s1 mentioned for apple pomace microwave
drying (Wang et al., 2007), 1.14 · 106 to 6.09 · 106 m2 s1
for tomato pomace microwave drying at 160–800 W
(Al-Harahsheh et al., 2009) and 0.55 · 107 to 3.5 · 107
m2 s1 for Gundelia tournefortii microwave drying at 90–
800 W (Evin, 2011).
3.3. Energy aspects
Changes in the energy-related indices with moisture content
during microwave-convective drying of chamomile are shown
in Figs. 8–10. It is clear that energy consumption and speciﬁcenergy consumption increase continuously with decreasing
moisture content (Sarsavadia, 2007). This is in keeping with
the normal drying behavior of biological materials and can
be explained by realizing that the drier the product is, the more
will be the energy needed per unit mass of water removed with
further drying. The energy efﬁciency was very high during the
initial phase of drying which resulted in higher absorption of
microwave power. Following the reduction in moisture, the
energy absorbed by the material decreased and reﬂected power
increased (Mousa and Farid, 2002; Soysal et al., 2006). For
this reason, it was observed that energy losses increased with
increasing microwave power, resulting in lower energy efﬁ-
ciency. Similar trends have been reported by Soysal et al.
(2006) for microwave drying of parsley. Based on the data
given in Table 5, in terms of energy considerations, the best
result was obtained at 400 W microwave power level.
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